We report on 18 O tracer diffusion experiments and model calculations for the study of cation vacancy migration in oxide crystals. The model takes advantage of the electrostatic coupling forces between anion and cation defects that allow the evolution of the cation vacancy profile to be observed by anion tracer experiments. Applied to SrTiO 3 , the ambipolar diffusion of strontium vacancies with H A 3:5 eV was found to be the dominant reequilibration mechanism of the cation sublattice. This result is in contrast to earlier studies proposing the formation of SrO intergrowth phases. DOI: 10.1103/PhysRevLett.90.105901 PACS numbers: 66.30.Hs, 61.72.Ji Ternary perovskite-type oxides (ABO 3 ) show either insulating, semiconducting, mixed electronic-ionic conducting, or, at lowest temperatures, superconducting behavior. The respective electrical property of the material is determined, at a given temperature, oxygen activity, and thermal pretreatment, by the impurity dopant type and level and, more decisively, by intrinsic self-doping with donor-type oxygen vacancies and acceptor-type cation vacancies. Oxygen vacancy formation and migration in perovskites, and also in other oxides, has been the subject of numerous investigations [1] [2] [3] [4] [5] [6] [7] . It is well known that, at moderate temperatures, the concentration of anion lattice defects is correlated with the oxygen partial pressure pO 2 via point defect reactions. The defect reaction [8] 
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The kinetics of transition of the anion sublattice is limited by oxygen vacancy migration [6] . At lower temperatures, the surface reaction (1) becomes the rate-limiting step [2] . Cation nonstoichiometry, which is predominant, e.g., in donor-doped perovskites, has not yet been studied in detail. Nonetheless, metal vacancies, formed at high temperatures, are considered to play a key role in the bulk conductivity of donor-doped and undoped oxides as well as in the establishment of resistive grain boundaries [9] . Hence, a detailed understanding of the nature of cation vacancy formation and migration is of broad scientific and technological interest. For the model material SrTiO 3 , Schottky-type defects are assumed to form in the cation sublattice by an internal defect reaction [10, 11] . The defect reaction of regular metal ions (Sr Sr ) and regular oxygen ions reads as
Accompanied by the formation of oxygen vacancies (V  O ) and strontium vacancies (V 00 Sr ), Eq. (2) predicts the establishment of rocksalt intergrowth layers [Ruddlesden- Popper (RP) phases [12] , AO ABO 3 n ] inside the material. The kinetics of transition may be reaction controlled. Experimental proof of an RP phase formation according to Eq. (2) has not been given as yet. Instead, recent studies indicate an alternative defect mechanism, where strontium vacancies or the SrO-rich second phase can be exclusively created at the surface of single crystals (s.c.) [13] . Then, the reequilibration kinetics is limited by cation diffusion. The point defect reaction of the cation sublattice may then be written as follows: O were detected by a quadrupole mass spectrometer to avoid a saturation of the secondary ion detection system. The molar fraction of oxygen n 18 O was calculated from the dimer intensities I32, I34, and I36. Sputtered crater depths were determined by a profilometer. Figure 1 illustrates the tracer profiles obtained. Instead of the expected classical error-function shape, all curves reveal three regions. In the near-surface region, a pronounced plateau is found. It is followed by an S-shaped drop of the 18 O concentration. In some experiments region three shows a linear tail. This behavior, which could be associated with fast diffusion paths along extended defects, like subgrain boundaries, will be neglected in the discussion. The curve marked by filled squares represents the typical tracer profile; curves depicted with open symbols indicate the dependence on each experimental parameter. The penetration depth of the tracer profile increases strongly with an and T dwell . Surprisingly, the diffusion length decreases significantly with an increasing amount of doping, whereas only a weak influence of ex was found.
In the analysis, both oxidation and tracer experiments were simulated by numerical calculations. The underlying model is based on the a priori hypothesis of a random diffusion of all ionic and electronic defects (V 00 Sr , V O , e 0 ). A sketch of the proposed mechanism is shown in Fig. 2(b) . The decisive role of strontium vacancies is supported by the results of our previous work [13] , where a SrO x secondary phase as shown in Fig. 2(a) was found at the surfaces of oxidized La-doped and Nb-doped single crystals. Here the influence of temperature, amount of doping, and annealing time strongly suggest a slow indiffusion of cation vacancies as the rate-limiting process in the equilibration kinetics. The formation of RP phases was also studied by high resolution TEM. Since no evidence for a formation of this defect type was found [14] , this mechanism is excluded in the present model.
Choosing a continuous medium approach, particle flux densities j i of electrons, strontium vacancies, and oxygen vacancies are given by
Sr ; e 0 g; (4) where D i denotes the self-diffusion coefficient, C i the particle concentration, i ( jz i jq 0 D i =k B T, NernstEinstein relation) the mobility, z i the charge number, and E the electric field inside the material, which is calculated by the integral over the local space charge in each slice of the crystal. Applying Maxwell's first equation and the material equation, we obtain E for a donor content N D :
where q 0 denotes the elementary charge and " is the low-frequency permittivity. The field dependence of " was neglected for simplicity. The electric field originates from local space charges created by a shift in the centers of charge of mobile majority defects. In the studied system, it couples the diffusion of majority defects (e 0 ; V 00 Sr ) and minority defects (V O ). Hence, the diffusion of strontium vacancies leaves a ''footprint'' in the oxygen sublattice that can be experimentally observed by the 18 O tracer. Boundary conditions for oxygen vacancies and strontium vacancies were derived from Eqs. (1) and (3) . Hereby, both surface reactions were assumed to be fast. The surface concentration of electrons was calculated from the global electroneutrality condition. The following discussion will treat the case of oxidation in agreement with the experimental procedure. According to Eqs. (1) and (3), a high oxygen activity will cause an increase of strontium vacancies at the surface, while the concentration of electrons and oxygen vacancies will decrease. Using a finite differences method, the evolution of the defect profiles and the electric field was calculated by solving the convection-diffusion Eq. (4) for all mobile species. Material constants, self-diffusion coefficients of electrons and oxygen vacancies, and mass action coefficients were taken from the related literature [6, 11, 15] .
The self-diffusion coefficient of the cation vacancies was determined by fitting model simulations to experimental data (see next section). Results are shown in Fig. 3 . Arrows denote the evolution of the concentrations and of the internal electric field. As expected, strontium vacancies diffuse into the bulk and electrons migrate towards the surface. A negative internal electric field is formed by local space charges that accelerates the ionic and slows down the electronic species. A minority flux of oxygen vacancies also occurs, revealing an unexpected result. After a fast drop of the concentration in the whole crystal (not shown), an enrichment of oxygen vacancies against the concentration gradient is observed (''uphill diffusion''). It is ascribed to the negative internal field that drives the positively charged anion vacancies towards the surface. As shown in Fig. 3 , the local variation of the oxygen vacancy concentration is found to be very sensitive to the reequilibration process in the cation and the electronic sublattice. In the following, we will elucidate the influence of an oxygen vacancy enrichment situated in the near-surface region on the shape of the 18 O tracer depth profile. Equation (7) links the tracer diffusion coefficient D Tr O and the oxygen vacancy concentration [16] :
Here f denotes the correlation factor for tracer diffusion in cubic lattices and
represents the self-diffusion coefficient of oxygen vacancies. Figure 4 shows the tracer diffusion coefficient versus penetration depth calculated from Eq. (7). Because of the enrichment of oxygen vacancies, the highest diffusion coefficient is located at the surface. For a calculation of the temporal and spatial evolution of the 18 O profile from the tracer diffusion coefficient, we combined Fick's law and the continuity equation:
Here 18 O denotes the oxygen tracer concentration. According to the simulation results in Fig. 4 , the tracer profile can be reproduced in all details. The field-induced enrichment of oxygen vacancies at the surface is regarded as the key feature of the model. It yields a tracer diffusion coefficient that exceeds the bulk value by up to 5 orders of magnitude and leads to the nonconventional S-shape regime in the tracer profile due to a marked decrease in the tracer diffusion coefficient.
A variation of the cation vacancy self-diffusion coefficient in our model even permits quantitative agreement to be achieved. With respect to the variation of all experimental parameters, we found excellent agreement between model predictions and experimental data by the use of a temperature-dependent cation self-diffusion coefficient. This contribution focuses on the temperature dependence. The dependence on other parameters will FIG. 3 . Simulated concentration profiles for strontium vacancies, electrons, oxygen vacancies as well as the spatial variation of the internal electric field during oxidation of SrTiO 3 (parameter: elapsed time). The negative field is mainly created by the Coulomb interaction between electrons and strontium vacancies (ambipolar diffusion).
FIG. 4. Spatial variation of the
18 O tracer diffusion coefficient calculated from the oxygen vacancy profile taken from Fig. 3 (left) . The proposed model explains the characteristic evolution of the tracer profile, which originates from the high tracer diffusion coefficient in the near-surface region and the low diffusion coefficient in the interior of the crystal (right).
be reported in detail in a forthcoming paper. Figure 5 illustrates experimental data and simulations covering the studied temperature range between 1050 C and 1300 C. Self-diffusion coefficients of strontium vacancies D 
For higher dopant concentrations, a weak tendency of D self V Sr to increase was observed. The activation enthalpy of 3.5 eV found in our study is higher than the value of 2.5 eVobtained from ab initio calculations [17] . Avalue of 2.8 eV was determined for 1.1 at. % Nb-doped SrCaTiO 3 ceramics using an impedance spectroscopy technique to study the oxidation of grain boundaries [18] . Concerning a Schottky-type reaction inside the crystal by a formation of RP phases, we were not able to explain the shape of the tracer profile nor its dependence on the experimental parameters. Hence, we concluded that the diffusion of cation vacancies from the surface into the bulk is the dominant reequilibration mechanism and the ratelimiting step in the equilibration process studied.
In summary, we report here on a new method for studying cation vacancy diffusion by 18 O tracer experiments. The underlying idea is to take advantage of the electrostatic forces between charged defects in the different crystal sublattices, which allows the evolution of cation vacancies by oxygen vacancies to be observed.
Applied to donor-doped SrTiO 3 , the oxidation of reduced single crystals was found to be governed by the outward diffusion of strontium, i.e., the inward diffusion of strontium vacancies, and not by the formation of RP phases. A quantitative determination of the strontium vacancy selfdiffusion coefficient as a function of temperature was carried out by matching experimental data with model calculations. We regard this combination of experiment and model simulations to be a potential method for improving fundamental knowledge on cation vacancy formation and migration in similar material systems where tracer mobility is too low (see, e.g., Fig. 5 ) to perform conventional cation tracer studies.
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